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THE MECHANISMS OF CRACK INITIATION AND CRACK PROPAGATION

IN METAL-INDUCED EMBRITTLEMENT OF METALS. PART I

ABSTRACT

Metal-induced embrittlement (MIE) of 4140 steel by indium has been studied

using delayed failure tensile tests. The temperature and stress dependence of the

kinetics of crack initiation and crack propagation in both liquid metal-induced and

solid metal-induced cracking have been examined in the same system for the first

time in MIE. This was done using electrical potential-drop measurements along

the indium-covered portion of the sample gage length to record the start and pro-

gress of cracking, and also through fractographic observations. In Part I of the

report on this work, the experimental results are presented and their implications

with regard to crack propagation are discussed. In Part II, various mechanisms

proposed in the literature for crack initiation are evaluated in the light of the

experimental results and other known characteristics of MIE, and a new mechanism

is proposed which, it is believed, synthesizes and rationalizes the available evi-
dence best.
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THE MECHANISMS OF CRACK INITIATION AND CRACK PROPAGATION

IN METAL-INDUCED EMaRITTLEMENT OF METALS
PART I. DELAYED FAILURE IN THE EMBRITTLEMENT OF 4140 STEEL BY INDIUM*

lbuI Gordon+ and Henry An*

INTRODUCTION

When normally ductile solid metals are placed under tensile stress and simul-
taneously into intimate contact with certain lower-melting metals, they tend to
fracture at abnormally low stresses. Since the lowered fracture stress can be below

the normal yield stress and since the effect has been most commonly noted when the

low-melting metal actually was in the liquid state, the phenomenon was lobe led
liquid-metal embrittlement (IME). It is now clear, however, that the embrittler

can produce a similar effect when in the solid state, (c.f., (1)); the phenomenon

is, thus, more appropriately called metal-induced embrittlement (MIE) or, as the

case may be, liquid metal-induced embrittlement (LMIE) or solid metal-induced

embrittlement (SMIE).
There have been several different theories proposed to account for MIE

(actually for LMIE) on an atomic level. These include the bond-breaking model

of Stoloff and Johnston (2) and Westwood and Kamdar (3) in which it is proposed

that the adsorption of the embrittler atoms at the tip of a crack in the base metal
lowers the cohesive bond energy of the base metal surface atoms sufficiently to make

0 tensile decohesion at the crack tip easier than crack blunting by dislocation flow
when stress is applied, leading to brittle fracture; the stress-assisted dissolution

model of Robertson (4), later also proposed by Glikmn, et al . (5), in which it is

hypothesized that a crack propagates because the highly stressed atoms at its leading

edge are dissolved into, and carried away by diffusion through, the liquid embrittler;
the embrittler penetration model of Krilshtal (6), in which it is supposed that cracking

takes place because the lowering of surface energy produces dislocations which pile

*Based on the Ph.D. thesis research of Henry An, in the Dept. of Metallurgical and
Materials Engineering, Illinois Institute of Technology

+ Nofesr, Dept. of Metallurgical and Materials Engineering, Illinois Institute of
Technology

Ph.D. candidate, Dept. of Metallurgical and Materials Engineering, Illinois
Institute of Technology
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up against grain boundaries embrittled by diffusion-penetration of the embrittler
atoms into *e base metal ahead of the advancing crock to distances of the order
of tern of atomic diameters; and the surface-structure model of Lynch (7) in which

it is proposed that the role of the embrittler atoms adsorbed at the crack tip is to
so alter the atomic structure of the base metal surface atoms as to considerably lower
the normally high stress necessary to generate and move dislocations at the tip, thus

lowering the stress for fracture by slip.

None of these modelshas received universal acceptance, though the bond-
breaking model has been most generally accepted because it seems to account for
more of the experimental observations than the others. Two papers are presented

here as a report on the first phase of on effort to help identify the correct MIE model
by taking advantage of a little-studied feature of MIE, namely, delayed failure. If
a metal in contact with an embrittler is placed under a fixed tensile load of a mag-
nitude less than that necessary to fracture it at once, it will, in most cases, undergo
a form of static fatigue -delayed fai lure - in which fracture takes place at constant
load after a substantial length of time - up to several hours, or even longer depending
on the load and the temperature. For a given embrittlement couple (the base metal-
embrittler combination), we have found that the time to failure is both stress and
temperature dependent. The phenomenon thus presents a clear opportunity to study
the kinetics of the cracking process and consequently to obtain significant informa-
tion on the underlying mechanisms. Until the present work, however, only a few
delayed failure studies have been carried out (8 through 16)and of these only three
published works (8,10,11) used techniques capable of distinguishing the initiation
fiom the propagation of the embrittlement crack. In addition, the temperature and
stress dependencies have not been thoroughly studied.

In the present work, pure indium (melting point 1560C) has been used as te
embrittler applied to smooth (unnotched) tensile samples of commercial 4140 steel
quenched and tempered to a room temperature ultimate tensie strength of 1500 ±
12 MPa (218±2 ksi). The samples were tested under various fixed initial stresses
ranging from about the proportional limit to just above the 0.2% offset yield strength
at temperatures in the range 107 to 182°C. Thus, for the first time in SMIE, the same
embrittlement system has been studied extensively both in the SMIE and the LMIE

range. In each test, the electrical potential drop produced by a constant current

Ip
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over that portion of the sample gage length covered by indium was monitored. When
a crack formed, the otherwise constant potential drop increased and continued to do
so during crack propagation; the data thus provided a measurement of both the crack

initiation time and the crack propagation time as a function of test temperature and
initial stress, again for the first time in MIE studies.

In this first paper the experimental results of the delayed failure tests are given

and their implications with respect to crack propagation discussed. In a second paper,
which follows directly, theoretical considerations on crack initiation and a proposed
new mechanism of MIE are presented.

)
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EXPERIMENTAL DETAILS

The indium used in this investigation was reported by the supplier (Indium

Corp. of America) to be 99.999% pure. The steel was obtained in the form of

5/8" round bars of commercial 4140 steel, all from the same heat, having the

composition indicated in Table 1. Cylindrical delayed failure tensile samples
were rough-machined from these bars, heat teated, and then final-machined to a

gage length of 42 mm and a gage diameter of 5.84 mm. The gage surface was
given a mechanical polish to 600 grit followed by electropolishing. The final

gage diameter was just under 5.84 mm, measured to within 0.1%.

Table I. Chemical Composition of 4140 Steel Samples

Weight Percent

Element Heat Analysis Bar Analysis

C .41 .39

Mn .87 .86
P .014 .01

S .016 .03

Si .23 .25

Ni .11

Cr .96 .92

I Mo .18 .15

Cu .I

Preliminary work indicated that the most convenient delayed failure test

temperatures and times would be obtained with samples having a tensile strength

of 1500 MPa (218 ksl); thus, all samples were heat teated to produce this strength.

Only two samples were actually tensile tested (continuous loading) to fai lure at

room tempeiature; the strength of the others was checked by hardness measurements

and all were found tobelR 45.5± .3, which is equivalent toa tensile strength of
1500±12 MPa (218±2 ksi). This close control of the strength was obtained by

carefully regulating all heat treatment conditions. Austenitizing was done in air

in a muffle furnace containing a heavy steel cylinder to smooth out temperature
S

,.....J , . ... ,, . -.
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variations. The austenitizing treatment was 60 minutes in the pre-heated furnace
followed by oil quenching. During the final 20 minutes the sample was at 8460
I 10C (1555 ± 2°F). Tempering was carried out in a lead bath for 60 minutes at
427± 1/20C (800± 19F). The average fracture grain size of the heat treated

samples was about 0.01 mm (c.f., later Figure 4).
* The preliminary testing (and previous wark, e.g. (16)) revealed that the

most serious source of scatter in the results was improper application of the embrittler.
We have found that the main requirements of proper application are: (a) thorough
"wetting" - if this was not accomplished, cracking tended to be very late, and,

in SMIE, many small "thumbnail" cracks formed around the perfiphery of the sample
surface; with good wetting, on the other hand, there was a lways only a single crack,

in both SMIE and LMIE, which in SMIE formed a ring of almost uniform depth all
around the sample periphery (see later, Figure 3); (b) the good flow that comes
with good wetting had to be confined to an annular band of uniform thickness and
length (along the gage length) - free flow formed regions of very thin indium
coverage in which cracks appeared to initiate prematurely but then stopped propa-
gating into the steel when the crack broke through the indium to the atmosphere
(presumably because of acidation of the crack surface). The technique finally
devised to produce these requirements consisted of the following steps: (1) applica-
tion of a heat resistant silicone-phenolic resin to the gage length leaving uncovered
only a 4 mm wide band at the center of the gage length; (2) initial application of
the indium to this band by electroplating; (3) melting of the electroplated indium
under a soldering flux by torch-heating while spinning the sample on a lathe;

(4) removal of the resin, cleaning, and filing of the indium band to a final thickness
of .25 mm. A typical prepared sample is shown in Figure 1. The fluX used in the
melting of the indium was a commercial soft-solder flux containing zinc chloride,
tin chloride, and ammonium chloride. Previous embrittlement testing (15) had shown

that the flux did not in itself produce embrittlement. We also carried out standard
hydrogen embrittlement tests at room temperature on indium-plated samples to show
that no effect of this kind was introduced by our plating procedure.

Delayed failure tensile testing was carried out on a dead-load Satec stress-

rupture machine provided with a temperature-controlled furnace (air atmosphere)
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and universal type specimen gripping devices to minimize bending. During testing
the temperature of the sample was measured with a chromel-alumel thermocouple
spot we lded to the sample surface next to the indium band. The temperature was

continuously recorded and held constant to better than ± 1/20C. The uncertainty
in the indicated initial stress levels was ± 3 MPa, due largely to the error associated

with sample diameter measurement.

Crack initiation and popagation were monitored by passing a 15-ampere

electric current a long the sample and measuring the potential drop along a 5- 6mm
gage length of the sample centered on the indium band. The current was controlled
by an NJE Corp. power supply, both current and voltage regulated to .01% of load.
The usual total potential drop was 1.8-2.0 mv, which was continuously recorded.

The smallest detectable potential change was 0.001-0.002 mv, whereas the total
potential change during the brittle crack development was approximately .I mv.
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RESULTS AND DISCUSSION
Ii

General Characteristics of the Fractures
Fracture in our delayed failure tensile tests was found to take place in three

stages. The first stage consisted of an incubation, or initiation, period during which
there was no detectable crack, both in SMIE and in LMIE. The presence of this
incubation period was noted for all samples, primarily by the initial constancy in
the electrical potential drop vs. time curves obtained (see Figures 6-8). It was
recognized, however, that the sensitivity of the electrical measurements to very
small cracks was not high - it is estimated that a crack of cross-sectional area about

p 0.15 mm2 (say, 1.5 mm long by .1 mm deep) would be the smallest detectable by
these measurements. To discover whether much smaller cracks were present during
the incubation period, for both SMIE and LMIE several interrupted delayed failure

tests were run in which the samples were held under load for up to 90% or mare ofP the expected incubation time, the load re leased and the indum removed,. The samples

were then deep-acid etched (50% HC 1-H20 at 700C for 1/2 hour) and the surfaces
examined in the scanning electron microscope (SEM) for cracks. None was observed;
a representative sample surface is shown in Figure 2. An estimate of the size of crack

* which could easily have been observed had it been present can be obtained by noting

that the inclusions in the steel can readily be observed in Figure 2 as small, longi-
tudinal elongated etch pits. The smallest of these which we could readily identify
were about .02 x .002 mm in size; since MIE cracks would be transverse to the inclu-
sions and the etch exaggerates their size, we could undoubtedly have detected the

presence of cracks considerably smaller than this had they existed, say, .01 mm long
by .001 mm deep. Thus, if we designate as ti the time at which the potential drop
curve first is detected to change, then we conclude that any crack present prior to
t i could have been at .9 t, no larger than about /.15, or about 10- 4 times the
size of the crack at ti . This point will be discussed further later.

*Indlum was removed by reheating and brushing the molten indium off.

A
A'
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In the literature only three publications and two unpublished works bear on

the question of an incubation period for crack initiation in MIE. Rostoker, et aI.

(8) concluded from LMIE delayed failure tensile tests that (a) in an incubation

period in which the tensile properties did not change, no cracks were present, and

(b) the incubation period consumed most of the time to failure. Nichols and Rostoker
(10) showed one dilatometer curve in which, during an 18-minute delayed failure

test in LMIE, changes in specimen length occurred only during the last minute. They
also carried out interrupted delayed failure tests and found no cracks on the sample

surface before final failure. Zch (14), in high strain-mte LMIE tensile tests with
1P total failure times between 10- and 10 seconds, found initiation times were always

a large fraction of the failure times. These findings agree with ours. On the other

hand, Iwata, etal. (11) present one length-change curve and Lynn (15) in unpublished
work carried out one interrupted-delayed failure series, both in SMIE, in which crack

propagation was reported to have started immediately on loading. Kassner (16), also

in unpublished work, using delayed failure tensile tests found a substantial incubation

period in LMIE but not in SMIE. We believe the latter SMIE result was due to experi-
mental difficulties. All of the other apparently inconsistent results from different

investigators can be rationalized on the basis of a new mechanism for MIE proposed

in Part II of this report on our present work.
The second stage of delayed failure is the embrittler-dependent propagation

of the initiated crack. It has long been established (e.g., (17)) that the crack propa-
9 gates during this stage only so long as embrittler is available at the crack tip. A

detailed discussion of the nature of the possible embrittler transport processes and

predictions of the probable operative ones have been given by Gordon (18); one
purpose of the present work is to check these predictions. The macroscopic appear-

ance of this stage of the fracture is i Ilustrated in the fractographs of Figure (3)
through (5) for SMIE and LMIE. In SMIE (Figure 3), the ernbrittler-dependent crack

forms a ring at the periphery of the fracture surface. In every case this ring was

found to be about .6-.8 mm deep at its greatest depth and, on the opposite side of
the periphery, the crack usually showed a radial ledge or step. This is interpreted

to mean the nucleation event took place on the cylindrical surface at the point of

greatest crack depth, that the crack then grew circumferentially in both directions,

S
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meeting at the ledge, and at the same time grew radially, with the rate in this direction

I* being the propagation bottleneck and being determined by the rate at which the embrittler

could be transported to the advancing crack tip. (With good wetting, indium is always

immediately available at the sample surface, so that the rate of circumferential prop-

agation near the sample surface is always much greater than that radially.) No indium

could be seen on the crack surface and none could be detected by the x-ray energy
dispersive capability of the SEM; there is no doubt, however, from the literature, from

theoretical considerations, and from the appearance of the crack surface itself that

the indium is there in a thin layer, as discussed later. The thickness of the layer is

below the detectability of the SEM-EDX. The intergranular nature of the apparently
brittle portion of the fracture is illustrated in Figure 4a.

In LMIE the embrittler-dependent portion of the crack tends to be less regular

in shape, appears on only one side of the fracture surface, and is covered with a layer
of indium thick enough to be seen readily by eye (Figure 5). This appearance is due

to the very rapid rate of embrittler transport radially as discussed later. It has been

shown many times in the literature that such LMIE fractures in polycrystalline steel

are also intergranular.

Sth The third stage of the failure process is reached in both SMIE and LMIE when

the stress intensity at the crack tip has exceeded the critical stress intensity for normal

ductile failure. The crack then propagates independently of the embrittler - essen-
tially "runs away" from the embrittler - producing the final catastrophic failure; the

central region of the fracture surface in SMIE (Figure 3) and that portion not covered

by indium in LMIE (Figure 5) correspond to this final stage of fracture. Figures4bandc

illustrate the dimpled rupture characteristics of this fracture stage.

Typical Delayed Fai lure Potential-Drop Curves

Figure 6 presents a typical potential drop-time curve for a delayed failure test

in LMIE. It is clear that no detectable potential change takes place for an extended

time period after loading - in this case, 511 seconds - and then the potential drop

increases precipitously as fracture takes place in a time shorter than the lower limit

of our experimental sensitivity. The crack propagation - both embrittler-dependent

ji
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and embrittler-independent stages - takes place during the period of less-than-i

second of precipitous potential rise (later experiments narrowed this to 0.1 second).

The embrittler traport rate along the fracture surface must be extremely high,
confirming the deduction that the transport can only be by bulk liquid embrittler
flow, as discussed by Gordop (18).

Typical potential drop-time curves for delayed failure tests in SMIE are
shown in Figures 7 and 8. Here, again, there is an incubation period - for
4.50 x 104s (12.5 h) in Figure 7 and 4.07 x 103s (1.13 h) in Figure 8. Then
the potential drop rises and continues to do so at an increasing rate for .43 x

04i (1.2 h) in Figure 7 and .24 x 104s (.67 h) in Figure 8. This is the embrittler
tramnsport-controlled stage of the crack propagation. There is, alternatively, some
possibi lity that in this stage, the propagation is discontinuous, as in hydrogen
embrittlement cracking, and that, therefore, the propagation rate is determined
by crack re-initiation rather than embrittler transport. Our curves, however,
do not exhibit discontinuous propagation - we have been able to show that any
apparent propagation discontinuities which appear are in fact inherent in our

recorder. This was done by noting the curve characteristics during temperature
increase before testing and temperature decrease after failure. In every case, any
jogs noticed during the crack propagation stage were duplicated in size and shape
during the heat-up or cool down period when the only change taking place was
the smooth change in temperature. We, therefore, conclude that any crack re-

initiation taking place during the crack propagation (such as at grain boundaries)
was unimportant compared to actual crack movement itself. Again, as in LMIE,
we define the initiation time as that time at which the shape and magnitude of
the potential drop curves begin to change detectably. The end of the embrittler-
dependent propagation period is indicated by the final precipitous rise in potential
drop which accompanies the much faster final ductile fracture stage.

Si
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Crack fopagation and Embrittler Trans part

Figure 6 demonstrates that in LMIE once the crack gets underway, both thie
embrittler-controlled, and the ductile, portions of the crack formation are over in
less than about one second. (This was narrowed to .1 second in other tests.) This

was found to be true at all temperatures and at all loads (for which failure took place)
in our LMIE tests (13 tests in the temperature range of 1580 to 1830C and initial
stresses from 1068 to 1226 MPa (155 to 178 ksi). As shown by Gordon (18) the only

feasible embrittler transport mechanism consistent with such a high propagation rate
in indium is bulk liquid flow*.

In SMIE the embrittler-controlled crack propagation rote is much lower, as
shown in Figures 7and 8. The curves in Figures 7and 8 are typical of all our SMIE

tests-to-fai lure - some 26 tests in the temperature range 1140 to 154°C and the
* initial stress range 1068 to 1226 MPa (155 to 178 ksi). The propagation times from

initiation to catastrophic failure at various stress levels are plotted in Figure 9 as
a function of temperature and in Figure 10 as a function of stress. Though there is
a substantial scatter in the data, certain trends are clear.

T I(a) There is a large, discontinous increase in propagation time at the indium
melting point from times of less than 0.1 second in LMIE to times in the range 500-2000
seconds in SMIE. Thus, the transport mechanism in SMIE is clearly different and much
slower than that in LMIE. Since bulk liquid flow and vapor phase transport are not

* possible here (for the latter the vapor pressure of indium is much too low - see (18)),
some diffusion mechanism must be responsible. An approximate experimental diffusion

coefficient can be obtained from the transport times by using the expression (see for
example (20))

S D X 2 (1)

and the known crack depth of about . 7 mm. At 1560 in SMIE, this gives D
2 x 10-4 mm2/sec. Of the various conceivable diffusion mechanisms - volume

*The actual transport time, according to Gordon (18), is of the order of 10-3 seconds.
Experimental measurements of crack poopagation rates in LMIE (for example (12),
(14), (17) and (19)) indicate the time for transport in our LMIE tests would be inthe
range .03 to .003 seconds.
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or grain boundary diffusion of indium through the steel, first monolayer surface
diffusion of indium over the steel crack surface, or surface self-diffusion of indium

over indium already deposited on the steel crack surface by a "waterfall" mechanism,

all but the last are expected to be too slow by many orders of magnitude at these
temperatures (see (18)). Following the ideas of Gjostein (21), the surface self-diffusion

coefficient of solid indium at its melting point can be expected to have a value of the
order 10"1 to 10" 3mm2 /sec. This is within reasonable range of our experimental value

-4
of 2 x 10- . The factor of approximately 50 discrepancy can be accounted for in one
or more of the following ways: (i) Since it is postulated that the indium transport pro-

l* ceeds by indium atom diffusion over a number of indium atom layers which themselves
are layed down at the advancing edge of the indium by a "waterfall" effect, then the
appropriate time to be used in equation (1) is not the total propagation time but rather

this divided by the number of indium atom layers. Thus, if there were 50 atom layers
* of indium, the discrepancy would disappear - and such a coating of indium on the crack

surface would still not be visible to the unaided eye or detectable by SEM-EDX. (it

would, however, be detectable by Auger measurements; such experiments would be
very useful on this point); (ii) If there are only one or two atom layers of indium,

I* the diffusing atoms might "feel" the slowing effect of the relatively stationary iron
atoms below; (iMi) oxygen or other gas atoms may be slowing the indlium diffusion -

our experiments are carried out in air and we depend on the good wetting of the
applied indium to the steel to keep the air from contacting the freshcrack surface.

9 However, we know that in a few tests this did not work. Occasionally we found
that a growing crack would slow and stop. A typical potential drop curve in
one such test is shown in Figure 11. In such cases, examination under a
microscope revealed that the crack had opened to the atmosphere, that is, broken

through the indium, as shown in Figure 12. Propagation data from such tests were
discarded; it seems possible, however, that even in our successful tests, some gas

may have leaked through the apparently unbroken indium coating over the crack
and slowed the crack growth somewhat*.

*Additional experiments are being carried out in vacuum.

p
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(b) The propagation times in SMIE are virtually independent of the initial

stress applied in the tests (Figures 9 and 10). This argues in favor of a surface

diffusion transport mechanism for there is no reason to expect the rate of movement

of surface atoms on a crack surface to be influenced by the stress level at the crack
tip or within the bulk sample.

(c) The propagation times in SMIE decrease slowly with increasing tempera-

ture. The line drawn through the data in Figure 9 was drawn both to best represent

the data and to fit Gjostein's (21) ideas for surface self-diffusion on solid metals.

In these ideas, at temperatures below about .Sto .9Tmp the surface self-diffusion
I data should fit an Arrhenius type equation

54T
D = Doexp (- -- ) (2)

where the activation energy 54 TmT is given in joules per mole when Trap is in degrees
Ke vin; somewhere above .8 to .9 TO, the D values should rise at an increasing rate with

temperature up to the melting point. The straight-line portion of the curve in Figure

9 through the data was given a slop of -54 Trp (-23,100 joules/mole or -5600 cals/mole

0 for Indium); both the fit here and the higher temperature curvature of the line support
the idea that indium self-diffusion is the controlling transport mechanism in SMIE.

It Crack Initiation
The meaning of the time, t,, which we have defined as the crack initiation time,

needs some clarification. Strictly, this is the time at which the crack first reaches a
Ssize - about .15 mm2 in area - detectable by our potential drop measurements. How-

i ever, the interrupted delayed failure tests showed that any crack existing at .9 t i

could be no larger than about 10- 4 times the size at t,, whereas in SMIE at 1.1 t.

the potential drop curves (Figures 7and 8) show that the crack size is no more than

about 3-4 times that at ti • Thus, in SMIE, there is clearly a drastic decrease in
*crack growth rate between .9 ti and ti . We interpret this to mean that at this point

there is a change in the rate-controlling mechanism of crack formation - from control

by some crack "nitiating process to control by the embrittler transport process. This

is Illustrated schematically in the upper diagram of Figure 13. Here, the time far
the crack initiating process (line df) and for embrittler transport from source to crack

' *
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tip (line ae) are plotted versus crack size. At crack sizes below the point of inter-
section, b, of these two lines, the time for transport is much shorter than that for

the crack initiation process, so the latter gives the crack formation time; beyond

point b, the opposite is true. As a result, the crack formation time is given by the
path d b c in the figure. In LMIE, the situation is as indicated schematically in

the lower diagram of Figure 13. Here, the embrittler transport time (line ac) is
very short throughout crack formation; therefore, the initiation process controls
crack formation at all times, leading to the growth path d b f. In both SMIE and

* LMIE, then, t. is a measure of the point b. We know that at earlier times, the curve

drops precipitously to below point e, the point delineated by the delayed failure tests;

the shape of the curve at nucleation of the crack is not known. We have made the

assumption, however, that whatever its shape, this is constant from sample to sample,

and have, thus, taken t i as a measure of the initiation process kinetics. The discussion
of crack initiation below and in Part II of this presentation is based on this assumption.

The experimentally determined crack initiation times at two different levels are

plotted versus temperature for both SMIE and LMIE in Figure 14. Again, within the

experimental scatter a number of clear characteristics can be seen:
(a) The data for both stress levels and for both SMIE and LMIE can be repre-

sented by Arrhenius type equations. This suggests strongly that the underlying process

involved during the crack-incubation period is thermally activated. Further, since
the slopes of all the straight lines through the data are the same within experimental
error, the process is indicated to be basically the same for both LMIE and SMIE, and

for the different stress levels. From the slopes, the average apparent activation energy*

of this process is 155 1 3-1/2 kjoules/mole (37.0 ± 0.8 kcals/mole).
(b) Since the lines in Figure 14 are displaced upward on decrease in stress, it

is clear that the rate of the underlying process is stress dependent, increasing with
increasing stress.

*The activation energy is "apparent" because, as described in Part II of this presenta-
tion, we believe it is actually the sum of two activation energies.

The experimental errors given in this paper for activation energies are actually
reproducibilities based on the three lines in Figure 13. For one standard deviation,
the errors of the activation energies, based on the variance in regression analysis,
average to+ 19 kjoules/mole L. 4.5 kcals/mol).

- .
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(c) At the melting point, the initiation time increases discontinuously by a
factor of about 6.5 in going from LMIE to SMIE, though the slopes of the corresponding

lines do not differ. To confirm the presence of this gap, a series of tests was run at

several other stress levels at the two temperatures 154°C (just below the indium melting
point) and 1580C (just above the indium melting point); the results are given in Figure
15. It may be seen that the ratio of initiation times across the gap at the melting point

persists unchanged, within a substantial scatter, for all stress levels at which delayed
failure takes place, that is, down to 1068 MPa (155 ksi). Below this stress level, no
failure took place at all - at least within the patience of the experimenters (to times
of about 11 days). Thus, there is a "threshold" stress level - as found in most previous

MIE studies - below which MIE delayed failure does not take place. In the present
case, the threshold stress is just above the macroscopic proportional limit of 1040 MPa
(151 ksi). Above the threshold stress, the initiation times decrease appraximately linearly
with increasing stress both in SMIE and LMIE.

Theoretical aspects of crack initiation based on the above results and the general

literature are described in Pbrt If of this presentation, which follows directly.

S

4.b

*
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CONCLUSIONS

In the fracture of 4140 steel due to MIE by indium:

(1) Crock initiation and crock propagation are separate stages in crack

formation, each being thermally activated with quite different activa-

tion energies.
(2) In LMIE, crack propagation is extremely rapid, taking place in less than

.1 second (for crack depths of the order of 1-2 mm).

(3) Theory and the experimental results indicate embrittler transport to the

crack tip in LMIE is by bulk liquid flow.

(4) In SMIE, crack propagation is much slower (500-2000 seconds for a depth

of .7 mm); it is controlled by embrittler transport which takes place by
indium surface self-diffusion.

(5) Crack initiation in both LMIE and SMIE exhibits an incubation period;

at constant stress the initiation time increases with decreasing tempera-

ture according to an Arrhenius-type relation; it also increases with

decreasing stress.

(6) The apparent activation energy for crack initiation time is the same, within

experimental error, in LMIE and SMIE, having a value of 155 ± 3-1/2

kVmole (37± .8 kcals/mole). This apparent activation energy showed

no change on raising the applied stress from 1158 to 1226 MPa (168 to

Z 178 ksi).
(7) At constant stress, the initiation time at the melting point of indium is

larger by a factor of 6.5 in SMIE than in LMIE. This time gap at the

melting point persists at about the same value over the stress range tested

-from 1068 to 1226 MPa (155 to 178 ksi).
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Figir. 3. Typical fracture surface, SMIE. AppraK. liX



Figure 4. SEM fractographs in (a) embrittler-controlled portion
of SMIE fracture, I bOOX, (b) ductl 6. portion of fracture, 1600L(;.
(c) at brittle-to-ductile chan~ge-over, 1600X
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F1gure 12. Crack i
cating an sample i
which crack favrmed
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